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Abstract 
Axiomatic Design (AD) has been recognized as a technique for enhancing the analytical capabilities in iterative design 
procedures, and as such can compliment the synthesis support offered by TRIZ. Identification of deficiencies in an existing 
design through AD, however, does not result in the straight forward formulation of contradictions between engineering 
parameters as a starting point for problem solving. Translating identified conflicts from the coupled design parameters, as 
identified by means of AD matrix analysis, to engineering parameter contradictions, often requires an intermediate step of 
abstraction. In this article this observation is illustrated by means of a case study dedicated to heavy duty laser cutting with 
reactive gas support.  A systematic mapping of design specific, feature related, independent design parameters to dependent, 
concept related engineering parameters is proposed as a means to integrate both methodologies. 
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1. Introduction 
While numerous cases illustrate that TRIZ provides a methodology capable of systematic idea generation, the most 
commonly used TRIZ tools seem less focussed on the analytical step that necessarily precedes the creative phase. 
Although it is generally recognised that proper formulation of the problem to be solved offers half the solution, the 
emphasis in this TRIZ tool box approachis often more oriented towards solution generation rather than problem 
analysis. Su-field analysis provides a possible solution for problem identification if system elements are of a nature 
that the interaction between them can be recognised based on an expert’s insight in the system interactions. Often, 
however, the negative influences between subjects are insufficiently known to perform the analysis exercise without 
further means of support. 
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Comparison with the more systematic nature of the analysis methodology offered by Axiomatic Design [Suh, 
1988], made a number of authors propose procedures in which both methods are used as complementary tools 
[Mann, 1999], [Young, 2004], [Shin, 2006]. Most models of design activities indeed contain, besides an initial need 
recognition and problem definition step, consecutive phases that are to be interpreted as iterative loops (e.g. [Pahl & 
Beitz, 1995], [Dieter, 1996]). A similar scheme is included in reference [Suh, 1988], positioning the proposed AD 
analysis step in a broader design context. While other authors limit the possible role of TRIZ in decoupling a design 
in support of an AD procedure, e.g. [Shin, 2006], Mann [Mann, 1999] stresses the possible integration of TRIZ and 
AD respectively as the creative synthesis and the feedback analysis steps in a generic design procedure (Figure 1). 
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Figure 1:  Iterative design procedure after [Mann, 1999] 
 
When focussing on the data streams in this scheme, the compatibility of the respective in-and outputs can, 
however, be questioned. Does a functional specification, for example, form sufficient input for a TRIZ based 
synthesis step? As a problem solving approach, the commonly encountered TRIZ procedures using Su-field analysis 
start from one or more observed conflicts surfacing as the outcome of initial design efforts. These can be either the 
result of dissatisfaction with limited functional performance of an existing design, in which case a design with 
shortcomings is available as input, or contradictions between engineering parameters perceived during one of the 
stages of an ongoing design project. In both cases preceding design activities are expected. While this observation 
may be of theoretic interest only, the following, more profound question determines the applicability of the proposed 
integrated procedure: Can the output of an AD based analysis provide improved input for a TRIZ based synthesis 
iteration? 
In the next sections it will be illustrated by means of a case study that for more complex systems the possible 
integration of AD and TRIZ as complementary methodologies can be obstructed by a number of hurdles. As 
illustrative case the design of a laser cutting system capable of processing thick steel plates was chosen. In the 
following section this application and the state-of-the-art design solution are described in order to provide the 
necessary background knowledge for reading Sections 3 and 4.  
2. Case description: Laser cutting of thick steel plates 
A short historic overview of the different dominant processing techniques for sheet metal cutting is provided here 
as an illustration of consecutive development steps that show a high correspondence with one of the TRIZ trends of 
evolution. Indeed, the consecutive steps that can be predicted based on the ‘Object segmentation’ trend can be 
clearly recognised in the following summary. 
Early efforts for systematic cutting of sheet metal foils were typically based on scissor like tools. For heavy duty 
tasks, guillotine shears with large, monolithic tools form the industrial implementation of this concept (Fig. 2A). 
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Figure 2:  Evolutionary steps in sheet metal cutting and corresponding object segmentation trend 
 
To increase flexibility, and to allow cutting out blanks rather than cutting through sheets along straight lines only, 
punching with a limited set of simple shaped tools was introduced. In this process shearing is typically performed by 
repetitively cutting out rectangular contours by means of a single stroke using a punch and die set (Fig. 2B). To 
further enhance flexibility towards non-straight contour edges, nibbling was more recently introduced as a process 
variant: high frequency punching, normally using a circular tool that is applied with sufficient overlap between 
consecutive cut-outs, thus allowing to approximate free form contours with a preset accuracy (Fig. 2C). 
Productivity, tool costs, minimum achievable dimensions and limited sheet thicknesses that can be processed form 
some shortcomings of these processes. 
Emerging in the 1980’s, abrasive waterjet cutting forms a next step in the object segmentation trend. Abrasive 
particles are used as consumables for cutting away sheet material in an accumulative way. Carried by a high speed 
waterjet, that transfers the necessary kinetic energy to the abrasive, this particle stream allows cutting with limited 
cut widths and, given sufficient time, can support processing plates of considerable thickness (>50mm) (Fig. 2D). 
With a sufficiently high pressure, waterjet cutting with pure water forms the transition to a fully liquid phase cutting 
tool (Fig. 2E). 
Oxyfuel cutting can be considered as a form of cutting based on a gas as the cutting medium (Fig. 2F). While the 
principle of using local heating through combustion of a gas to melt away plate material along a contour, already 
existed as a cutting principle since the early decades of the 20th century, the achievable quality was typically not 
considered sufficient to compete with the techniques mentioned above. Only where the plate thickness would not 
allow shearing or punching, oxyfuel cutting would form an alternative. The output quality of the process also 
benefited from the introduction of numerically controlled positioning systems in the second half of the century. 
Plasma (arc) cutting emerged in the late 1950’s as a cutting technique suitable for processing thick plates. The 
process uses the conductive nature of metal plasma to locally induce energy in the material to be cut (Fig. 2G). The 
process allows generating much narrower and straighter cuts than oxyfuel cutting. The technique gradually 
improved towards the high density plasma cutting that became dominant in the early 1990’s. The process is capable 
of cutting plates up to 75-100mm, but typically produces asymmetric cuts. 
In the late 1990’s laser cutting started taking over the market as the dominant technology. For thin sheets the 
flexibility, precision and productivity achievable through localised heating by means of a small diameter, high 
intensity IR light beam (Figure 3) made this technology the preferred choice for new investments in recent years. 
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Figure 3:  Laser cutting principle (left) and process parameters (right) 
 
For more background information on sheet metal cutting processes, references [Serruys, 2002] and [Trumpf, 
1996] can provide useful overviews. 
While these short descriptions and the chronological order in which the evolutionary steps occurred already 
match the object segmentation trend in a remarkable way, the dominant nature of this evolutionary trend is stressed 
even more when contemplating the increasing investment cost for the consecutive hardware solutions. 
When taking a close look at the state of the art in this domain of manufacturing, it is obvious that the goal of 
ideality has not been achieved yet: laser cutting is typically limited in the thickness of the plates that can be 
processed. Hybrid forms of laser and waterjet cutting, as well as laser and oxyfuel cutting, have been suggested to 
overcome this problem, but have not proven to offer the high quality output and productivity expected from pure 
laser cutting. While the laser cutting principle, as depicted in Fig. 3, may seem simple, the number of process 
parameters, and thus the complexity of the process control, is high. Furthermore, technological limitations to the 
available laser power in combination with the beam quality (intensity distribution) still impose the use of a process 
variant for heavy duty work. In this so-called reactive gas assisted laser cutting the cutting gas, typically oxygen, not 
only provides an expulsion force, but also acts as an oxidant causing exothermic reaction with the steel plate to be 
cut when ignited by the laser.   
These observations and the desire to shift the process window beyond the present boundaries in terms of plate 
thicknesses that can be processed form the starting point for the inventive problem solving case study presented in 
the next section. 
3. Axiomatic design analysis of the existing configuration 
Analysing the current hardware and control solution in function of compliance verification according to the first 
AD axiom leads to a mapping of functional requirements and design parameters as shown partially in Figure 4. 
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Figure 4:  Partial view on functional requirement and design parameter mapping 
  
As can be seen from Figure 4, some of the functional requirements (FR’s) can be met by individual design 
parameters (DP’s), and thus can be considered as uncoupled (FR3,4ĸDP3,4). For others decoupling can easily be 
achieved by properly sequencing the design parameter tuning (FR5,6ĸDP5,6). However, for the crucial 
functionalities of material melting and expulsion a strong coupling can be observed. Indeed while in the existing 
configurations the required expulsion force can only be provided by the cutting gas, the gas flow simultaneously 
determines the heat input into the plate (through exothermic oxidation). Increasing the gas pressure, in order to 
assure systematic expulsion when cutting thick plates with a narrow kerf width, actually typically generates burning 
defects, leading to wide kerfs with an unacceptable surface roughness or even complete failure to cut the plate.  
The expulsion of molten material is determined, among others, by the viscosity of the melt, which is temperature 
dependent, and by the width of the molten zone. Both the laser and oxidation heat soure influence these factors 
Since the obvious solution to uncouple the design by switching to cutting with an inert assist gas would require a 
higher laser power and intensity than can not be obtained at economically acceptable cost, laser cutting capabilities 
are de facto limited to 25-30mm depending on the plate material to be processed.  
In contrast with the fairly straight forward AD approach, systematically listing all relationships between 
substances and influencing fields would require an in-depth insight in the complex nature of the process. Although 
the process has been intensively studied over the past decades, difficulties to observe the laser cutting phenomena in 
process do not allow to obtain the transparent insight required for a systematic Su-field exercise. 
4. TRIZ as a decoupling instrument 
The use of TRIZ as a tool for resolving coupled design conflicts was suggested and demonstrated by several 
authors [Young, 2004], [Zhang, 2004]. In these application-oriented publications, however, the transformational 
step, required to use AD output as a TRIZ contradiction problem specification, is not discussed. In the more 
systematic study by Shin and Park [Shin, 2006] different outcome categories from AD analyses are linked to 
appropriate TRIZ modules for problem resolving. However, in the examples accompanying this study the translation 
of the design parameters characterising a coupled design situation to a TRIZ engineering parameter vocabulary is 
not systematically dealt with. In this section the requirements to link the output of an AD analysis step to a TRIZ 
redesign procedure are therefore discussed. 
While it is obvious in the case study example that the functional requirements are not properly met, and although 
the conflicting design parameters have been clearly identified, at this stage identification of an appropriate input for 
a TRIZ conflict resolving exercise is not evident. On the one hand, functional requirements are insufficient to 
describe an actual contradiction to be resolved. On the other hand the conflicting design parameters, as illustrated in 
Figure 4, do not match the engineering parameters used in TRIZ. A systematic transformation of the AD output is 
therefore required if a procedural design method, based on AD and TRIZ integration, is envisaged.  
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Typical for the TRIZ engineering parameters is that they are ‘dependent parameters’ that can be influenced in 
many different ways. A parameter such as ‘weight’, for example, can be affected by a range of independent 
parameters, such as the material selection (via specific weight), by volume adjustment, by varying the porosity, etc.   
While independent parameters are typically specified in a detailed design stage, as part of the final technical part 
or product specification, underlying, dependent parameters are closely related to the functional specification defined 
at the outset of a design project. Systematic generation of input for TRIZ problem solving therefore requires re-
determination of the functional parameters underlying the independent design parameters. 
For the case study, the transformation requires zooming out to a higher level of abstraction than the detailed 
design level used in the example of Figure 4.  
Table 1 illustrates this for the coupled FR’s and DP’s of the case study. 
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Table 1: Transformation from independent DP’s to dependent engineering parameters 
 
While abstracting the design parameters involved in the coupling to be eliminated, at a given point the one to one 
mapping (c in Table 1) between design specific and abstracted parameters is no longer possible (d). At this point 
the transition from a coupling conflict to a contradiction situation is typically reached (e). The coupled relations 
that can be detected in the AD design matrix, are replaced by contradictions between the identified, abstracted 
parameters. Further abstraction until the level of dependent physical parameters is reached, allows to identify the 
appropriate TRIZ engineering parameters involved in the contradiction to be resolved (f).  
Using the contradiction table, the case study problem can now be solved by applying the appropriate TRIZ 
inventive principles. In the case of a wanted (increased) pressure without the negative influence on the temperature 
distribution (unwanted burning effects), the Matrix 2003 version of the contradiction matrix advises respectively 
inventive principles 35: Parameter Changes, 3: Local quality, 19: Periodic action, and 2: Taking out.  
A scan of recent publications and patent applications identifies at least two attempts to deal with the described 
problem. One is using a specially designed nozzle configuration in which a second gas stream is created oriented 
deep into the cutting kerf and locally reinforcing the gas stream to increase the expulsion pressure [Neidhardt, 
1993]. Depending on the cutting direction the location of the second gas stream, relative to the laser beam and main 
gas stream, is adjusted by an additional numerically controlled axis. This concept obviously makes use of the ‘Local 
quality’ inventive principle: to prevent an escalating oxidation process the expulsion jet is only reinforced where 
strictly needed. A second patent involves cutting with oscillating gas pressure [Fernandes, 1993], which is claimed 
to lead to improved surface quality and thus to an expanded process window for given quality requirements. This 
proposal fits into the ‘Periodic action’ principle and in terms of AD can be considered an effort towards decoupling 
thermal energy input from ejection pressure by introducing the oscillation frequency and amplitude as extra design 
parameters. In terms of complexity, both proposed solutions require additional subsystems and control functions to 
be integrated into the design, obviously increasing the total complexity of the overall design.  
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5. Conclusions 
By means of the case study of reactive gas assisted laser cutting, it was shown that a direct transformation from 
identified, coupled FR-DP relations in AD to a contradiction problem description is not evident. The design specific 
DP’s used when analysing an existing design solution with AD are situated at a different level of abstraction than 
the generic engineering parameters used in TRIZ. As was illustrated in Table 1, for later stages of a design 
procedure the number of steps required to reach a generic engineering parameter level is higher.  
A systematic mapping of independent, design specific parameters, to dependent, generic engineering parameters 
allows to overcome this hurdle. This effort can be limited since the mapping is only required for design parameters 
involved in coupled relationships, as identified by a proper AD analysis. At the level of abstraction where one-to-
one mapping becomes impossible, the contradiction to be solved becomes visible. Additional steps may still be 
required to obtain a clear dependent engineering parameter contradiction problem that can be systematically solved 
by appropriate TRIZ techniques. 
While the case study used in this article may illustrate these observations in a comprehensive way, the analysis of 
this problem does not result in a systematic solution for the need to abstrahate design specific parameters. The 
distinction that can be made between independent and dependent parameters, however, is helpful to determine the 
need for further steps in the abstraction process. As such the suggested transformation procedure can contribute to 
the integration of AD and TRIZ in a systematic design methodology, making optimal use of both the analytical 
strength of Axiomatic Design and the systematic support of synthesis activities offered by TRIZ.  
On a higher level, the philosophical question can be posed whether the heuristics based evolutionary trends 
recognised in TRIZ can indeed be compatible with the believe in absolute design quality as expressed in the AD 
axioms. Recognising the dominance of either approach may be inevitable to avoid this dilemma. Further research 
and extensive practitioner feedback are therefore required to validate the effectiveness and efficiency of the 
proposed integration scheme. 
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